Offshore environments are increasingly invaded by man-made structures that form hard-21 substrate habitats for many marine species. Examples include oil and gas platforms, wind turbines 22 and ship wrecks. One of the hypothesised effects is an increased genetic connectivity among natural 23 populations due to new populations growing on man-made structures that may act as stepping-24 stones. However, very little data is available on genetic connectivity among artificial offshore 25 structures. Here, we present study on the common fouling amphipod Jassa herdmani from offshore 26 2 structures in the southern North Sea. Partial mitochondrial DNA sequences (cytochrome-c-oxidase 1, 27 N = 514) were obtained from 17 locations in the southern North Sea, all artificial structures: 13 ship 28 wrecks, two wind turbines and two platforms. Samples from these locations were found to be 29 significantly differentiated, meaning that strong population structure exists for this species in the 30 area. Levels of intraspecific variation were consistent with stable population sizes. No evidence was 31 found for isolation-by-distance. Using coalescent simulations, the oldest population subdivision 32 events were estimated to date back to the time the study area was flooded following the Last Glacial 33
INTRODUCTION

38
Offshore man-made hard structures such as the submerged parts of oil and gas platforms and 39 offshore wind turbines, but also navigational buoys and ship wrecks, form suitable but artificial Most amphipods in temperate seas exhibit high fecundities with multiple broods per year allowing 63 for high secondary production (Sheader & Chia 1970 , Sheader 1981 , Highsmith & Coyle 1991 . 64 Furthermore, short generation times and a holobenthic life cycle due to the direct development of 65 amphipod embryos facilitate successful colonisation and rapid production of dense populations in 66 Jassa species (Beermann & Purz 2013, Beermann 2014). Jassa populations are characterized by a 67 marked short-distance dispersal of juveniles (Franz & Mohamed 1989 ). However, older juveniles and 68 adults can exhibit long-distance dispersal under certain conditions, drifting with the water surface 69 layer and may colonize new substrates in that way (Havermans et al. 2007 ). In the southern North 70 Sea, the hard-substrate habitats are predominantly restricted to anthropogenic constructions such as 71 shipwrecks, foundations of wind turbines and oil and gas platforms, and buoy moorings. These 72 suitable substrates for Jassa are surrounded by soft sediments and J. herdmani populations are 73 consequently characterized by patchy distributions. 74 75 Population structure and genetic connectivity have thus far not been studied for Jassa herdmani. The 76 closely related J. marmorata was studied for two allozyme loci at two nearby (approx. 8 km apart) 77 on-shore locations, which were found not to be differentiated (McDonald 1991) . Two amphipods 78
Gammarus spp., whose life cycle and ecology resemble that of Jassa spp., were found to show 79 population structure, and reduced levels of genetic diversity consistent with postglacial demographic 80 expansion (Krebes et al. 2011 ). In partial contrast to its known ability to be an effective colonizer, we 81 hypothesise that connectivity between local J. herdmani populations is limited to adjacent platforms 82 or nearby natural habitats and that we will find a signal of isolation-by-distance. The southern North 83 Sea region was formed and recolonized relatively recently, after the Last Glacial Maximum. We 84 therefore expect to find signatures of population subdivision dating from after that time. 85
86
The aim of the current project was to examine whether a common species of offshore fouling 87 communities displays signatures of genetic connectivity among offshore man-made structures. For 88 this purpose, we analysed DNA sequences from J. herdmani specimens sampled at ship wrecks, wind 89 turbines and oil and gas platforms in the southern North Sea. 90 91 2. METHODS 92
Sample collection 93
Samples were collected in 2015 and 2016 at 22 locations by divers and during maintenance activities 94 on wind turbine foundations, jackets of oil and gas platforms, navigational buoys, and shipwrecks in 95 the southern North Sea (Table 1) . Sample depth ranged from 0 to 46 meters overall, while within a 96 location it varied between 0 and 5m away from the depth reported in Table 1 . Samples were 97 collected opportunistically, from an area of several m 2 on shipwrecks, to samples of 100 cm 2 on some 98 installations and from dive suits after resurfacing of divers. After collection samples were either 99 stored on 95% ethanol or frozen directly at -20⁰C. Frozen samples were stored at -80⁰C after 100 transportation to the laboratory. Jassa herdmani occurs alongside J. marmorata in the study area, 101 and the species were separated based on their DNA sequence (see below). 102 103
Molecular procedures 104
DNA was isolated from entire Jassa spp. individuals using the Qiagen Tissue kit following the 105 manufacturer's protocol. DNA concentrations were quantified by using the Tecan Freedom Evo and 106 qualified on 1% agarose gels. DNA was diluted to 5ng/μl and amplified with primers jgLCO-M13F 107 (PCR) 16-001 (5'-TGTAAAACGACGGCCAGTTITCIACIAAYCAYAARGAYATTGG-3') and jgHCO-M13R (PCR) 108 16-002 ('5-CAGGAAACAGCTATGACTAIACYTCIGGRTGICCRAARAAYCA-3'). PCR reaction was performed 109 in 12 μl using One TAQ solution containing 0.1 ng/μl BSA. Initial denaturation was done at 94˚C for 5 110 min, followed by 50 cycles of denaturation at 94 ˚C for 45 s, annealing at 43˚C for 45 s and extension 111 at 72˚C for 80 s, with a final elongation step of 72˚C for 7 min. PCR products were checked on 1 % 112 agarose gels before purification using Millipore Multiscreen plates. Purified PCR product was 113 sequenced using the M13 Forward primer M13F ('5-TGTAAAACGACGGCCAGT-3') and Big Dye v3.1. 114 6 Sequencing reaction products were purified by precipitation with Na Ac-EDTA and 100% ethanol and 115 dissolved in 10ul formamide and analysed on a 48 capillary ABI fragment analyser. Sequences were 116 analysed using the Staden package (Staden et al. 2000) . 117 118
Data analyses 119
Sequences were aligned manually in BioEdit (Hall 1999) . Jassa marmorata sequences were identified 120 by comparing to available Genbank sequences; this could be done unequivocally because the COI 121 sequence difference between J. herdmani and J. marmorata is approximately 20% (Raupach et al. 
RESULTS
161
A total of 529 partial COI sequences were obtained from 22 locations and cropped to a length of 658 162 base pairs (Table 1 ). Among these, 44 different haplotypes were detected (Genbank accession 163 numbers MH052599-MH052642). Five samples with less than 15 individuals sequenced were omitted 164 from the analyses, leaving 42 haplotypes among 514 sequenced individuals in the final data set 165 (Table S1 ). Figure 2 shows the minimum spanning network among the 42 haplotypes, and translated to a frame shift and sequence length was as expected, we can conclude that we did not 175 sequence any pseudogenes. 176 177 Analysis of molecular variance (AMOVA) showed that genetic variation was significantly 178 differentiated among sampling locations, with an overall ΦST of 0.159 (p < 0.00001) ( Table 2) . 179
Pairwise ΦST's were significantly larger than zero in 84 of the total of 136 comparisons (Bonferroni 180 corrected padj = 0.00037; Table 3 ). A two-level AMOVA with two groups as upper level (shipwrecks 181 versus platforms and turbines, which coincides with a north-south split) showed that there is a 182 significant difference associated with this upper level (ΦCT = 0.0613, p = 0.0144) as well as among 183 samples within these groups (ΦSC = 0.137, p < 0.00001). A second two-level AMOVA with sampling 184
year (2015 versus 2016) as upper level similarly also shows a significant difference at this upper level 185 (ΦCT = 0.0398, p = 0.0315) and again also among samples within years (ΦSC = 0.144, p < 0.00001). 186 (Table 1) . Linear distance between sampling locations did not correlate with 191 9 pairwise ΦST values based on a Mantel test (Mantel r = -0.00315, n.s.), meaning that no evidence for 192 an isolation-by-distance effect was seen in the data (Figure 4) . 193
194 Divergence time estimates based on coalescent simulations for three of the most strongly 195 differentiated sample pairs ranged from 3,578 to 11,080 years ago (Table 4 ). Simultaneously 196 estimated migration rates were very low and ranged from 0.060 to 0.61 (Table 4) amphipod Jassa herdmani are strongly genetically differentiated in the southern North Sea with an 201 overall ΦST of 0.156 (Table 3 and Table 2A ). Our first hypothesis that gene flow among populations of 202 J. herdmani is limited is thus corroborated, but the second one of isolation-by-distance is not. 203
Supporting the third hypothesis, the observed population structure was indeed estimated to have 204 been formed after the last glacial maximum. Man-made structures therefore do not appear to 205 facilitate genetic connectivity for this species in the southern North Sea area. 206 207 Hierarchical analyses of molecular variance (AMOVA) indicated that most of the population structure 208 is found at the among-sample level ( Table 2 ). In addition, small but significant levels of population 209 structure could be be attributed to a north-south difference (Table 2A, Figure 3) , a difference of 210 shipwrecks versus platforms and turbines (Table 2B, Figure 3 ), and to the two sampling years (Table  211 2C, Figure 3 ). As this study was not designed to test for any of these factors (north-south, type of 212 habitat, sampling year) we also cannot discriminate among them post-hoc. This can be seen in Figure  213 3: e.g., in 2015 more northerly samples were taken than in 2016, and more shipwrecks were sampled 214 at lower latitudes. If there was a genetic north-south subdivision, this should have been reflected in 215 an isolation-by-distance, which was not observed (Figure 4 ). We conclude that there is no clear 216 substructure for the study species in this region but instead most likely a mosaic pattern. Future 217 10 research should employ a more rigorous sampling design that includes a north-south gradient for 218 several types of habitats, repeated in different years, in order to discriminate among these factors. 219 220 Some of the deepest differentiation detected was estimated to trace back in time to the period soon 221 after the Last Glacial Maximum (LGM) ( Table 4) (Table 4 ). An alternative possibility for the observed 231 population structure is the direct development of J. herdmani in combination with its high fecundity, 232 which may lead to rapid local population turnover (Beermann & Purz 2013). The observed mosaic 233 differences among our samples would then reflect a more recently originated structure. We deem 234 the latter unlikely, because, while dating events using molecular clock estimates for a single gene 
